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Pigment organizationChlorophylls (Chls)-a and -c2 are identiﬁed and characterized in fucoxanthin chlorophyll-a/c2 protein (FCP)
complexes in the trimeric (FCPatrim) and oligomeric (FCPbolig) forms of FCP from the diatom Cyclotella
meneghiniana using resonance Raman (RR) spectroscopy. Importantly, two different Chl-c2s are identiﬁed in
both FCPatrim and FCPbolig from their signature ring-breathing modes at ∼1360 cm−1. In addition, the C131-
keto carbonyl peaks indicate the presence of more than four Chl-a's in both FCP complexes and are broadly
classiﬁed into three groups with strong, medium and weak external hydrogen bonds. Together, they provide
the strongest spectroscopic evidence so far that there may be up to double the number of pigments
previously estimated at 4Fx:4Chl-a:1Chl-c2 per FCP monomer. Careful analysis of the protein sequences also
strongly support the higher pigment content by showing that at least six Chl-a, and one Chl-b, binding sites
found in LHCII are retained in the FCPs. The relative enhancement of the RR bands for 406.7 versus 413.1 nm
further allows some distinction of blue- versus red-absorbing Chl-a’s, respectively. Further differences
between the Chls in FCPbolig and FCPatrim are present in the amino-acid sequences and the RR signals.
Information about the Chl-binding sites, complemented by information about the structures and interactions
of the Chls are used to characterize their local environments, and assign pigment locations (and functions) in
FCPbolig and FCPatrim, which along with the earlier characterization of the carotenoids (J. Phys. Chem. B. 112
(2009) 12565–12574) provide a ﬁrst (global) framework for pigment organization in FCP.rotein; FCPatrim, Trimeric FCP
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Eukaryotic diatoms form a part of the extremely efﬁcient marine
photosynthetic activity that accounts for about 50% of oxygenic
photosynthesis, and are themselves responsible for up to 25% of total
carbon ﬁxation [1,2]. The light-harvesting system of these organisms,
built on the fucoxanthin chlorophyll-a/c1,2,3 proteins (FCP), are related to
the light-harvesting complexes (LHC) of higher plants and green algae,
although differences in their pigment composition and organization
result in different (mechanistic) routes to accomplish similar functions.
In spite of the importance of diatoms as primary biomass producers, they
have been little studied in comparison to the more visible higher plants
on land. Spectroscopic studies of the membrane-intrinsic FCPs from a
number of diatoms and brown algae have provided useful informationabout the electronic properties of these systems [3–9]. However, because
of the difﬁculty in obtaining crystals, an atomic structure for these
proteins is still lacking and that of LHCII [10] is instead used as a template
for pigment organization in FCP because these two antennae complexes
have similar primary sequences [6,11,12]. This does not however
automatically imply conformational nor functional similarity of the
pigments, nor similarity in the polypeptide macrostructures [11,12],
much beyond the similarity of α-helixes 1 and 3 in FCP and LHCII.
Notably, the pigments and their composition underscore the
differences between FCP and LHCII, with a greater carotenoid (Car),
i.e., fucoxanthin (Fx), to chlorophyll (Chl) content in the former
boosting light absorption in the crucial blue-green range in aquatic
environments. Moreover, Chl-c's [13,14], present instead of Chl-b, are
also crucial for light-harvesting in the blue-green region, and for
energy transfer (ET) to Chl-a [6]. Although the importance of Chl-c as
a light harvester has long been known since its identiﬁcation as the
second “green pigment” after Chl-a [15,16], comparatively little has
been discussed about its preferential inclusion in antennae proteins.
Regarding their vibronic properties, both Chl-a and -c yield RR
spectra rich with structural information about e.g., their co-ordination
state and/or interactions with their local environment via hydrogen
bonding. In Chls, the four-ring porphyrin macrocycle is supplemented
by a ﬁfth ring (V in Fig. 1-II) with the C17–18 bond being saturated in
Fig. 1. In I, the absorption spectra of the FCPatrim and FCPbolig complexes in glycerol-buffer solutions are shown at 77 K (solid lines) and RT (dot-dash line) along with the component
chlorophyll solution absorption spectra used to ﬁt the RT absorption spectra, from Ref. [29]. Superimposed are the excitationwavelengths used for the resonance Raman spectra. In II, are
shown the chemical structures of Chl-a andChl-c2, and the groups that give rise to themain RRbands: (a) C131 carbonyl (b) C-Npyrrolemodes, and (c)methine bridge. The two additional
vinyl groups in Chl-c2 are indicated with arrows: C18=C17, which enhances the aromaticity of the ring, and the C81=C82 vinyl that may be in conjugation with the porphyrin ring.
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basic porphin marker bands [17–20]. In contrast, the higher-symmetry
structure of Chl-c, with its unsaturated C17-C8 bond, is identiﬁable by
signature RR bands [21–23] similar to protoporphyrin (PP) [24] because
it has a symmetry close to D4h.22 Although the inclusion of an axial ligand at C3 would lower the symmetry to C4v,
Chl-c's are of higher symmetry because of the additional vinyl group (C17=C18) in
ring IV. In other Chls the underlying C2v symmetry is lowered to C1, or more precisely
Cs, symmetry.The more complex RR bands of Chls-a, -b and -d continue to be
identiﬁed on the basis of the early RR spectra of Chls in vitro and in vivo
[17,18,25–27] and the electronic and vibronic properties of metallo-
porphyrins [19,26–28], whereas RR characterization of Chl-c is sparse.
The current RR study on the trimeric (FCPatrim) and oligomeric
(FCPbolig) FCP complexes from the centric diatom Cyclotella mene-
ghiniana [6,8] therefore provides important information about the
structures of the bound Chl-c2's and Chl-a's by elucidating their
structural signiﬁcance in vivo. The present study is built upon our
preceding RR characterization of the carotenoids in FCP [29]. An
Fig. 2. Resonance Raman spectra of FCPatrim (solid line) and FCPbolig (dash-dot line) in
the 870–1800 cm−1 on a single scale normalized to the C=C stretch band of Fx
(∼1530 cm−1 set to 100) for λex=406.7–476.5 nm. The main carotenoid bands (ν1, ν2,
ν3, ν4) are marked with a “*” in (e).
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distinct Fx’s in the two FCP complexes that effectively pointed to a
stoichiometry greater than 4Fx:4Chl-a:1Chl-c2 [6], in spite of FCP
lacking the characteristic CD bands [6] and long-wavelength absorbing
Chl-a molecules [7] expected from much stronger inter-pigment
interactions as in LHCII [6]. Here we could identify two Chl-c2's and
more than four Chl-a's, which strongly supports the proposition that
there may be twice as many pigments in the FCPs, unless an unusually
high degree of heterogeneity is present in these complexes. With the
primary objective to identify and characterize the pigment structures
and local environments in the trimeric and oligomeric FCPs, we
present a pigment organization template thatmaybeused to construct
more detailedmodels for Fx-containing complexes of brown algae and
diatomswhose similar spectroscopic signatures [3,22,30,31] suggest a
common organizational motif.
2. Materials and methods
2.1. Sample preparation
FCPs were prepared from the centric diatom Cyclotella meneghini-
ana according to Beer et al. [8] using ion exchange chromatography on
thylakoid membranes solubilized with 15 mM ß-dodecyl maltoside.
The pigment standard Chl-c2 in 90% acetone was purchased from DHI
Water & Environment (Denmark) and used neat to obtain RR spectra.
2.2. Sequence analysis
Comparison of lchb1 amino acid sequences from spinach and pea,
with the deduced protein sequences from fcp2, fcp5 and fcp6 genes,
was carried out using ClustalW.
2.3. Instrumentation and analysis
The instrumentation used to obtain RR spectra has been previously
described [22,32]. A 5- to 15-μL aliquot of Chl-c2 in acetone, or FCP in
buffer (10 mMMes, pH 6.5, 2 mM KCl, 0.03% β-DDM) without glycerol,
dropped onto a 1.5 cmdiametermicroscope slide is immersed in an LN2
ﬂow cryostat (Air Liquide). Laser excitations at 406.7 and 413.1 nm;
441.6 nm; 457.9 and 476.5 nm, were obtained with Kr+ (Innova 90,
Coherent), He-Cd (Liconix), and Coherent Ar+ (Innova 100) lasers,
respectively. Output laser powers of 10–30 mW are attenuated to
b5 mW on a spot size of 0.031 cm2. Raman scattered light was focused
into a Jobin-Yvon U1000 spectrometer equipped with a blue sensitive
back-illuminated LN2 cooled CCD camera and 1800 mm/groove grating
(resolution ∼1.5 cm−1 at 406.7 nm to 1.0 cm−1 at 476.5 nm).
Sample stability and integrity were assessed based on the
similarity between the ﬁrst and ﬁnal Raman spectra because
absorption spectra cannot be obtained at 77 K due to high concentra-
tions and the non-glassy environment in the absence of glycerol.
Immersion in LN2 prevents thermal degradation, and the N2 stretch at
2326.6 cm−1 is used for calibration. Although the Chl absorption
intensities are greater than those of the Cars between 430 and
450 nm, because of the large Raman cross-sections of the Car, the
C=C stretch band (∼1530 cm−1) dominates the RR spectra even at
413.1 and 441.6 nm [18,21]. As in the preceding work [29], all the
spectra have been normalized to the ν1 band of Fx (∼1530 cm−1 set to
100) and smoothed using a sliding window average.
3. Results
3.1. Chlorophyll electronic and vibronic signatures in FCPatrim and FCPbolig
The absorption spectra of the trimeric (FCPatrim) and oligomeric
(FCPbolig) complexes at room temperature (RT) and 77 K have been
previously measured and ﬁt to the component pigment spectra at RT[29] and are shown in Fig. 1 with the component Chl spectra. The
transitionmoment of the strongly allowed Qy transition (∼670 nm) of
Chl-a lies approximately along the y-axis connecting the nitrogens of
rings A and C (NA–NC axis), whereas that of the low oscillator
strength Qx band (∼630 nm) lies approximately along the x-axis
connecting rings B and D (NB-ND axis, Fig. 1-II). Conversely, in the
case of the overlapping Bx and By transitions of the Soret band (ca.
400–480 nm) probed in the RR spectra, the Bx transition (NB–ND axis)
is at lower energy and of higher oscillator strength [33,34]. Although
the dipolar properties of the two sets of transitions are somewhat
different [29], the Qy and Soret bands blue shift to a similar extent by
50–60 cm−1 on lowering the temperature to 77 K: from 672.0 to
669.0 nm in FCPatrim, and from 671.5 to 668.9 nm in FCPbolig, and the
Soret band to 439.2 nm in FCPatrim, and to 437.3 nm in FCPbolig (a
good ﬁt to the absorption in the Soret region results in the Qy band
being ﬁt at higher energy than in the protein [29], consistent with the
Qy band being less sensitive to the changing environment [35]).
The relative Chl intensities in the ﬁts to the FCP absorptions [29],
indicate that Chl-a is primarily excited at 406.7 and 413.1 nm, both
Chl-a and -c2 at 441.6 nm, and only Chl-c2 at 457.9 and 476.5 nm
(Fig. 1). There are four times as many Chl-a's as Chl-c2's, however
because of the three times larger extinction of the latter [14], Chl-c2
can contribute up to 75% of the absorption intensity of FCP in the Chl-
a/c2 overlapping region (420–450 nm).
The RR spectra of Chl-a and Chl-c2 in the 870–1800 cm−1 range are
shown in Fig. 2 on a single scale. Shown in greater magniﬁcation in
Figs. 3 and 4 are the RR bands arising from CN breathing modes
(Fig. 3), and from in-plane stretches of peripheral substituents, such
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C81=C82 vinyl groups, as well as the porphin modes, enhanced by
coupling to the vinyls (1580–1630 cm−1), that are typically used to
characterize Chls in LHCs. Excitation into the Soret band, a π–π*
transition, enhances the in-plane vibrations of the (π-conjugated)
ring system and its coupled substituents in the 1100–1700 cm−1
range, including C-C and C-N bond stretches. Bands below 1000 cm−1,
from metal-nitride motions, do not exhibit strong resonance
enhancement because they are not coupled into the π–π* transition
[27]. The main RR bands of Chl-c2 and Chl-a, analyzed here as a
function of excitation wavelength, are listed in Tables 1 and 2,
respectively.
3.2. RR bands (1300–1700 cm−1) of Chl-c2 in 90% acetone and in the
FCPs
Resonance enhancement of Chl-c2 modes is expected for 441.6–
476.5 nm, with maximum enhancement at 457.9 nm (Table 1). At
441.6 nm Chl-a is about 25–30% more intense than Chl-c2, and its
carbonyl, vinyl and methine bridging modes should be similarly more
intense than that of Chl-c2. In contrast, the C-N breathing mode
(∼1360 cm−1) is unique to Chl-c2, and is evident for 441.6–476.5 nm
excitations (Fig. 3). This so-called oxidation-state marker of Chl-c2,
absent in Chl-a because its C17–C18 bond is saturated, is the same as in
the cognate hemepigmentwith the same porphin ring structure [24,36].
In 90% acetone, the most intense RR bands of Chl-c2 at 413.1–
457.9 nm excitations are the C-N breathing and C131 keto carbonyl
vibrations (The persistence of relatively strong resonance enhance-Fig. 4. RR spectra of the trimeric (FCPatrim: dark solid line) and oligomeric (FCPbolig: dash-
dot line) FCP complexes in buffer solutions at 77 K are shown for excitation between
406.7 and 476.5 nm in the 1580–1730 cm−1 range. This includes the vinyl stretch at
∼1620 cm−1 and its coupling to the ν2 mode at 1590 cm−1, the methine bridging mode
(1610–1615 cm−1) and theC131 keto carbonyl stretching region(1640–1720 cm−1). The
three keto carbonyl bands are marked I, II and III in (a) signifying weak, medium and
strong hydrogen bonding. The carbonyls that gain intensity at 413.1 nm relative to
406.7 nmexcitation aremarkedwith arrows in (b), as are theones that arise fromChl-a at
441.6 nm (c). RR spectra of Chl-c2 in acetone are shown in dark grey (solid line) for 441.6,
457.9 and 476.5 nm excitations, and pure acetone in dashed grey line at 476.5 nm.
Fig. 3. RR spectra for excitation between 406.7 and 476.5 nm are shown in the
porphyrin-ring breathing mode region (1340–1380 cm−1) for the trimeric (FCPatrim:
dark solid line) and oligomeric (FCPbolig: dash-dot line) complexes of FCP in buffer
solutions at 77 K. RR spectra of Chl-c2 in acetone are shown in dark grey (solid line) for
441.6, 457.9 and 476.5 nm, and pure acetone in dashed grey line at 476.5 nm.ment of Chl-c2 modes at 457.9 nm, indicates that its absorption
undergoes a red shift at 77 K in frozen acetone from 444 nm at RT).
The C-N breathingmode is centered at ∼1362 cm−1 (light solid line in
Fig. 3) and quite broad, as is the carbonyl band at ∼1700 cm−1 (Fig. 4),
indicating a distribution of Chl-c2's in solution, with the latter also
including the acetone carbonyl (1698 cm−1 in Fig. 4e). Note that Chl-
c2 does not appear to form strong hydrogen bonds in the presence of
10% water (no peaks b1680 cm−1), but the water should still
contribute to the inhomogeneous broadening of the carbonyl band
beyond that expected in a polar solvent like acetone (ε0=22).
In the protein, two distinct Chl-c2 C131 keto carbonyl bands are
evident (Fig. 4d): one with a moderately strong hydrogen bond
(∼1675 cm−1 in both FCPs), and the other possibly free or very
weakly H-bonded, contributing at 1695 cm−1 in FCPatrim and
∼1690 cm−1 in FCPbolig. The presence of two carbonyl bands is
mirrored by the presence of two C-N breathing bands. In both FCPs,
the sharp band at 1362 cm−1 in FCPatrim, and at 1360 cm−1 in FCPbolig,
has a low-energy shoulder at ∼1355 cm−1 (Table 1). Notably, two
such Chl-c conformers were also presumed to be present in the LHC
from the brown alga L. saccharina based on similar C-N and carbonyl
bands [22]. Note that there is almost no evidence for this C-N
stretching mode at 406.7 and 413.1 nm, although Chl-c2 intensity is
∼1/4 that of Chl-a in this energetic region (Table 2), suggesting that
the tailing absorption to the blue could originate from a different, non
Table 1
RR modes of Chl-c2 in FCP complexes.
Chl-c2 457.9 nm 476.5 nm
FCPatrim FCPbolig FCPatrim FCPbolig
aRelative intensity
Chl-c2/Chl-a 9.8 9.8 6.5 6.5
Chl-c2/FCP 0.39 0.43 0.08 0.09
bC-N (ring breathing) 1362 (+) 1360 (+) 1360 (+) 1359 (+)
1355 (−) 1355 (−) 1355 (−) 1355 (−)
bCaCm (methine bridge) 1615 (w) 1615 (w) — (Car) — (Car)
bC=O (keto carbonyl) 1677 (−) 1676 (−) 1677 (+) 1676
1695 (+) 1690 (+) 1695 (−) 1690
bC31=C32;C81=C82 (vinyl) 1620 (w) 1620 (w) — (Car) — (Car)
a The ratio of the absorption intensities of Chl-c2 to Chl-a (Chl-c2/Chl-a), and Chl-c2
to the total FCP complex absorption (Chl-c2/FCP) determined from the ﬁts to the
absorption shown in Fig. 1 [29] are listed.
b Themain resonantly enhancedmodes of Chl-c2 are listed for excitation at 457.6 and
476.5 nm excitation. These include the ring-breathing mode (Fig. 2), and the methine
bridging, keto carbonyl and vinyl modes (Fig. 3). The ‘+’ and ‘–’ signs near the
frequencies indicate the relative intensities of the Raman bands of each type, unless they
are of similar intensity. The ‘w’ indicates that the methine-bridging and vinyl bands are
weak, and broadened, and cannot be identiﬁed at 476.5 nm excitation because of the
carotenoid bands.
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substituent) modes at 340 cm−1 and ∼330 cm−1 also indicate the
presence of two Chl-c2 conformers, different in FCPatrim versus
FCPbolig, with different intensities for excitation at 457.9 versus
476.5 nm (not shown).
Themethine-bridge stretch (“c” in Fig. 1-II), which is sensitive to the
co-ordination of the central magnesium, upshift from 1600 cm−1 by up
to 15 cm−1, on going from a 6- to 5-coordinated Mg [37,38], because of
the deformation of the macrocycle [39]. In both FCPs, the methine-
bridge mode of Chl-c2 is manifested as a shoulder at 1615 cm−1 at
441.6 nm and persists, albeit as a broad and noisy band, at 457.9 nm
(Fig. 4),whereas in solution only aweakband is evident at∼1597 cm−1,
suggesting that Chl-c2 is probably 6-coordinated in acetone at 77 K.
The vinyl substituents (C31=C32 in both Chl-c2 and Chl-a, and
C81=C82 in Chl-c2 only) should gain intensity from coupling to the
skeletal modes in the π-system of the phorbins [40], with the two
vinyls in Chl-c2 expected to have the same scattering frequency at
∼1620 cm−1 being far enough to be decoupled. Regarding the C=C
in-plane stretches, the weak band at 1620 cm−1 is assigned to the
C31=C32 vinyl [26,38,40]. The stronger band at 1590 cm−1, present
in both FCPs (Fig. 4, λexc=413.1–476.5 nm), is assigned to theTable 2
RR modes of Chl-a in FCP complexes.
Chl-a 406.7 413.1 441.6
FCPatrim FCPbolig FCPatrim FCPbolig FCPatrim FCPbolig
aRelative Intensity
Chl-a/Chl-c2 4.2 4.2 4.5 4.5 1.6 1.6
Chl-a/FCP 0.52 0.56 0.53 0.57 0.39 0.42
bCaCm (methine
bridge)
1610 (+) 1610 (+) 1610–1615 (w)
1615 (-) 1615 (-)
bC=O (keto carbonyl)
I 1688 (2) 1685 (2) 1690 (3) 1690 (2) 1690 (2) 1690 (2)
II 1677 (1) 1677 (1) 1675 (1) 1675 (1) 1675 (1) 1675 (1)
III 1654 (2) 1663 (2) 1655 (2) 1665 (2) 1655 (3) 1665 (3)
a The ratio of the absorption intensities of Chl-a to Chl-c2 (Chl-a/Chl-c2), and Chl-a
to the total FCP complex absorption (Chl-a/FCP) determined from the ﬁts to the
absorption shown in Fig. 1 [29] are listed.
b Themain resonantly enhancedmodes of Chl-a are listed for excitation at 406.7, 413.1
and 441.6 nm excitations, with the Chl-c2 modes also resonantly enhanced at 441.6 nm.
The methine bridging, keto carbonyl and vinyl modes shown in Fig. 3 are listed. The
relative intensities of the methine-bridging bands are marked with ‘+’ and ‘−’, and ‘w’
indicates that the band is weak, and broadened. For the carbonyl bands, the relative
intensities of the bands, at a given excitation, are accordingly numbered in parentheses.enhanced intensity in ν2 [40] from coupling to the C81=C82 group
[21], whereas the shoulder at ∼1595 cm−1 likely arises from coupling
with in-plane and out-of-plane modes of C31=C32 (and C81=C82
[21]) because excitation (of Chl-a) at 413.1 and 441.6 nm, leaves the
intensity of this band unchanged.
Comparing the RR bands of Chl-c2 in the FCP complexes to that in
90% acetone, it is evident that the protein provides a well-deﬁned
environment that prohibits the range of conformations adopted in
acetone and lowers inhomogeneous broadening. The methine-
bridging mode indicates that Chl-c2 is clearly 5-coordinated in the
protein unlike in acetone. The effect of the protein environment on
the electronic properties of Chl-c2 is also evident in the absorption
spectra: the Soret absorptions of Chl-a (432 nm) and Chl-c2 (444 nm),
which are separated by ∼625 cm−1 in 80% acetone, are separated to a
greater extent (∼870 cm−1) in the ﬁt to the FCP absorption [29], with
the relatively greater red shift of Chl-c2 suggesting an even stronger
solvation of Chl-c2 than of Chl-a in the protein.
3.3. RR bands (1300–1700 cm−1) of Chl-a in FCPatrim and FCPbolig
At 406.7 and 413.1 nm, the carbonyl mode can be used to identify
unique Chl-a species. In both FCPatrim and FCPbolig, three distinct Chl-a
keto carbonyl bands are identiﬁable in the 1600–1750 cm−1 range (I, II,
III in Fig. 4a and b), similar to the three carbonyl bands in LHCII and
Lhca4 [41,42], butmore so like that of brownalga LHC [22]. On this basis,
the Chl-a's are classiﬁed according to the hydrogen bond strength of
their C131 keto carbonyl being weak (Chl-a I), medium (Chl-a II) and
strong (Chl-a III).3 At 406.7 nm excitation, in FCPatrim the most intense
band at ∼1677 cm−1, is ﬂanked by a band at ∼1654 cm−1, and another
broad, weak, band centered at ∼1688 cm−1 (Fig. 4a). Excitation at
413.1 nm results in broadening, and enhancing the relative intensity of
the lower-energy carbonyl band, while diminishing the intensity of the
higher energy carbonyls with a tailing edge. The breadth of these three
bands (fwhm N 10 cm−1 for II and III) indicate that there is more than
one of each type of Chl-a, where 2–3 Chl-a's experience weak, if any,
hydrogen bonding (I: 1685–1705 cm−1), about three Chl-a's with
medium-strength hydrogen bonds (II: 1670–1680 cm−1), and 2–3 Chl-
a's with strong external hydrogen bonds (III: 1650–1665 cm−1), in
FCPatrim. These three bands (I, II, and III) are marked at 406.7 nm
excitation (Fig. 4a), and arrows indicate the relative change in intensity
of the carbonyls that are resonantly enhancedat413.1 nmand441.6 nm
in Fig. 4.
The carbonyl bands of the Chl-a's in FCPbolig, relative to those in
FCPatrim, are broader and less structured, indicating a wider variety of
Chl-a's ranging from those that are weakly, or non-, hydrogen bonded,
to carbonyls with strong external hydrogen bonds. (The Qy band of
FCPbolig is somewhat broader than that of FCPatrim, and also suggestive
of a more disparate distribution of Chl-a's.) The Chl-a's in FCPbolig can
also be classiﬁed into those having keto carbonyls that have weak (I),
medium (II) and strong (III) hydrogen bonds (Table 2). At 406.7 nm
excitation, the highest intensity band centered at ∼1677 cm−1,
indicating a medium-strength hydrogen bond, is ﬂanked by a band
at ∼1663 cm−1 and a gently sloping band at higher energy (Fig. 4a).
The carbonyl ‘triplet’ band remains just as broad at 413.1 nm, but
gains intensity and structure (Fig. 4b) clearly suggesting the presence
of additional Chl-a's. At 441.6 nm, eliminating the contribution of Chl-c2
peaks at ∼1675 cm−1 and 1695 cm−1 in FCPatrim, and at ∼1675 cm−1
and∼1690 cm−1 in FCPbolig (see 457.9 m excitation in Table 1), the Chl-
a III's at ∼1660 cm−1 are seen to retain intensity in both FCPs, and3 Free carbonyls typically located at ∼1700 cm−1, can downshift by up to 50 cm−1
when the carbonyl oxygen forms an external hydrogen bond, e.g., with an adjacent
amino acid residue, a water molecule, or even to the central Mg of another Chl.
Whereas, an increase in polarity is expected to produce a smaller downshift on the
order of 10–15 cm−1 as in LHCII [41].
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arise from a combination of the Chl-a's and -c2's indicating that (some
of) the Chl-a II's are also preferentially enhanced at 441.6 nm (Table 2).
The methine-bridging mode of Chl-a is evident in both FCPatrim
and FCPbolig at ∼1610 cm−1, for both 406.7 and 413.1 nm excitations
(Fig. 4). This 10 cm−1 upshift relative to 6-coordinated Chl-a [37]
indicates that the Chl-a's are 5 coordinated. The broadness of the
band, and moreover the shoulder at 1615 cm−1, indicate that more
planar 5 coordinated Chl-a's are also present in both FCPatrim and
FCPbolig, because doming is expected to buckle the methine bridge
and decrease π-electron delocalization in the methine bonds and
lower its frequency [24].Whereas the band at ∼1620 cm−1, present as
a shoulder at 413.1 nm, persists up to 457.9 nm excitation indicating a
common origin with Chl-c2, and may therefore be assigned to the
C31=C32 vinyl bond [21,38]. In contrast to Chl-c2, the vinyl Cb=Cb
stretch from the porphyrin ring of Chl-a (Fig. 1-II) is evident at
∼1560 cm−1, at 406.7.9 and 413.1.5 nm (Fig. 2) and is much stronger
in FCPatrim.
3.4. Pigment binding sites in FCP from Sequence Analysis
Of the threeα-helices in FCP, 1 and 3 are homologous to LHCII, and
ﬁve of the Chl-a binding sites are clearly preserved in FCPs: a602, a612
and a613 in α-helix 1, and a603 and a610 in α-helix 3. A careful
alignment of sequences (Scheme 1) shows that the amino acids
binding a614 (C-terminus) and b609 (helix 2) are also most likely
present. At the C-terminus, a His is present at the same position as in
lhcb1 for fcp5 (FCPbolig) and fcp6 (minor constituent of FCPatrim),Scheme 1. Sequence alignment of lchb1 genes (of pea and spinach) and fcp genes. Note t
subunits. Chl binding residues are boxed, and the Chl ligated to the respective amino acid res
LHCII are shaded grey and helices in FCPs are shaded in dark grey.whereas in fcp2 (FCPatrim) a Glu is found. Note that helix 2 is different
in the two proteins and assignments in this region are the least
deﬁnitive. However, taking into account the relative position of an
amino acid side chain inside a helix, with respect to the membrane
plane, the Gln residue of b609 can be found in all fcp genes and this
binding site is thus most probably conserved as well.
The binding sites of the other Chls (a604, a611, b601, b605, b606,
b607, b608) cannot be identiﬁed from sequencing because they are
not bound by speciﬁc amino acid side chains in LHCII. However, the
identiﬁcation of seven Chl binding sites from sequence analysis also
supports the proposition for a higher pigment content, as do the RR
spectra of the FCPs, and is discussed below.
4. Discussion
4.1. Consequence of 18 pigments per FCP monomer
One of the main ﬁndings from the RR spectra of the FCPs, is the
presence of two structurally distinct Chl-c2 molecules, as well as more
than four Chl-a's, per FCP monomer. Evidence for two such Chl-c2's
was also suggested by 77 K absorption spectra of the FCPs [29] where
a structured Chl-c2 Qy band was observed (see also Fig. 1). These
spectral features might alternatively suggest two different binding
sites, each occupied by either Chl-a or Chl-c2. However this is highly
unlikely given that Chl-a and Chl-c2 have distinctly different chemical
structures, unlike Chl-a and Chl-b that were therefore quite feasibly
suggested to occupy mixed sites in LHCII. Chl-c2 not only differs from
Chl-a in its peripheral substituents, but more importantly, the (long)hat FCPatrim consists of fcp2 and fcp6 gene products, whereas FCPbolig is built of Fcp5
idue in LHCII is denoted. The pre-sequences are shown in light grey characters, helices in
Scheme 2. (a) The side view in the membrane plane of the LHCII structure of Liu et al.
[10] is shown with the Chls whose binding sites were identiﬁed in FCP. Labels denote
pigment binding sites of LHCII, Chl-a's in FCP are colored red, Chls which could be either
Chl-a or Chl-c2 are shown in brown, grey Chls are those which are most probably
missing in FCPs. Fx molecules in Lut sites are shown in blue, in the Vio binding sites in
green and in the Neo site in yellow. The membrane spanning α-helixes are marked 1, 2
and 3. (b) Top view of the stromal side of the LHCII monomer as shown in (a). In (c),
only the pigments of an LHCII trimer are displayed with the same colour coding.
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making amixed binding site extremely unlikely. Barring a high degree
of structural heterogeneity in the FCP complexes, the unambiguous
identiﬁcation of two Chl-c2's andmore than four Chl-a's, as well as the
5–6 Fx's [29], suggest that the current estimate of nine pigments per
FCP monomer [7] could well be an underestimation.
With 18 pigments in FCP, the absence of CD bands at higher energy
in the Soret (b420 nm), or at lower energy (N520 nm) in the Qx and
Qy absorbing regions, as in LHCII, indicate that the Chls in FCP would
have very speciﬁc orientations of their transition moments that either
results in very small rotational strengths contributions, or a very
fortuitous combination of excitonic interactions that cancel each other
out. The CD bands in the Soret and Fx absorbing regions is expected to
arise primarily from the pair of highest-energy Fx's, namely the
Fxblue's [29]. Additional contribution from Chl-c2, whose absorption
does overlap the higher energy positive lobe of the CD band, could
occur due to excitonic interactions with Chl-a. However excitonic
interaction between Chl-c2 and Fxblue cannot be excluded even
though there is no evidence for ET from Fx to Chl-c2 [43].
Recall that the orientations that would most favor ET, namely with
parallel transition dipole moments, would reduce rotational strengths
to zero, and is evident in the mutually exclusive pairs of pigments that
are calculated to have the largest interaction energies versus
rotational strengths in LHCII [34]. Nevertheless, the Chls in FCP
could adopt distinctly different orientations or geometries than in
LHCII, to signiﬁcantly alter (diminish) rotational strengths. In this
context, note that the total volume of the 18 pigments in FCP is
signiﬁcantly less than that of the 18 pigments in LHCII because of the
comparatively smaller sizes of Fx and Chl-c2 relative to Chl-b, and
would result in a pigment volume of ∼87000 Å3 in LHCII, and only
∼57300 Å3 in FCP4 to provide the space necessary to alter the pigment
orientations in FCP.
4.2. Modeling the pigments in the FCP complexes
The pigment-organization model is presented based on 18 pig-
ments being bound per FCP monomer (Scheme 2 and Table 4). The
core of the FCP complexes is expected to be similar to LHCII based on
the sequence homology of helixes 1 and 3. In FCP, the two Fxblue's
were proposed to replace the central Lut621 and Lut620, on either
side of α-helixes 1 and 3, respectively [10]. Clustered around these
Luts are the symmetry related a610/a602 and a612/a603 Chl-a
binding sites in LHCII, also identiﬁed in the FCPs. Chl-a's bound at a610
and a612 in close proximity to Lut620, and Chl-a 602 and -a603 in
proximity to Lut621, are similarly expected to straddle a higher- and
lower-energy Fxblue, respectively. The two, other, symmetry related
Chls, a604 and a613, are further away from the Fxblue's with the
former centrally ligated to a water and the latter to Gln197 [10]. In
addition, the a614 and b609 sites have also been identiﬁed, where the
bound Chls have strong central ligands in LHCII. No attribution to the
sites of Chl a-604 and Chl a-613 will be made here for FCP, but the
environments of these Chls will be discussed further below.
The 8Fx:4Chl-a:2Chl-c2 stoichiometry was originally estimated
using more gentle preparations of mixed FCPs. The FCPatrim and
FCPbolig complexes examined here were prepared using harsher
methods and thus show slightly lower pigment contents, i.e., 6Fx:6-
7Chl-a:2Chl-c2 in the trimer, and 5Fx:8Chl-a :2Chl-c2 in the oligomer
(Table 3), presumably due to having shed the more loosely bound
peripheral pigments. Comparing the Chls in the trimers and4 Dimensions of 30×30×6.5 (Å) for Chl-a and Chl-b, 14×14×4 (Å) for Chl-c2, and
31×6×6 (Å) for the Cars, were used. The Chl-a and -b phytyl chains are assumed to be
extended over ∼18 Å. Although kinks in this aliphatic sidechain would limit the Chl
length, e.g., to ∼13 Å in Chl-b 601, or the curled-up ball-like structure of Chl-b 608
(∼8×7×5 (Å)) in LHCII, the total pigment volume in FCP would still be much smaller
than LHCII.oligomers, the lower Chl-a content in FCPatrim than in FCPbolig
(Table 3), indicates that one or two of the Chl-a's must be weakly
ligated and bound at the periphery of the complex and easily lost from
the trimer. The most peripheral Chl (b605 in LHCII) at a comparable
site would indeed be less easily lost from FCPbolig where it would be
more snugly bound at the trimer-trimer interface (Scheme 2).
Although not as peripheral as b605, the same holds for Chl-a bound
at a611. However, Chl-a611 forms a dimer with a612 in LHCII to yield
the red-shifted absorption absent in FCP. Therefore, a Chl-a bound at
this site in FCP must have a different orientation than in LHCII, where
it is bound by a lipid, to prevent red-shifting the absorption and giving
rise to the typical Chl–Chl coupled CD bands in the Qy region [34].
Setting aside the two Chl-a's that still need to be situated, the two
Chl-c2's are expected to be in close proximity to the Chl-a's, to which
Table 3
Pigment stoichiometries of FCP complexes.
Isolation procedure Complexes Chl-a Fx Chl-c2 Total
pigments
Sucrose density centrifugation [7] FCPa+FCPb 8 8 2 18
Ion exchange chromatography [8] FCPatrim 7 6 2 15
Fit to absorption [29] 8 7 2 17
Ion exchange chromatography [8] FCPbolig 8 5 2 15
Fit to absorption [29] 8 6 2 16
The pigment stoichiometries of the FCP complexes previously determined by different
methods are listed with respect to 2 Chl-c2's per monomer.
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from the Fx's, as both ﬂuorescence and transient absorption spectra
show no ET from Fx to Chl-c2 [7,43]. Furthermore, their integral
presence in both FCPatrim and FCPbolig suggests a more central
binding, away from the periphery of the complex. However, the close
interaction expected between the core Chl-a's, at a602, a603, a610 and
a612, and the Fxblue's, excludes the possibility of a Chl-c2 being bound
at one these sites. In contrast, the Chl-a604 and a613 have only weak
interactions with the Luts in LHCII, and a Chl-c2 at either of these sites
in FCP could be justiﬁed, as could the binding of Chl-c2 in the Chl-a614
and Chl-b609 sites, permitting fast ET from Chl-c2 to Chl-a, but not
from Fx to Chl-c2. In LHCII, Chl-a614 is indeed coupled to a613, and
b609 even more strongly coupled to a603, and neither to the
xanthophylls [34]. Furthermore, binding of Chl-c2 at a613 or a614
would eliminate the Q-band CD signals as seen in LHCII when both
these sites are occupied by Chl-a's. Excitonic coupling between Chl-c2
and Chl-a at these sites would not produce strong CD bands at low
energy because the Qx and Qy transitions of Chl-c2 have small
transition dipoles and would result in low rotational strengths.
In summary, the core Chl-binding sites identiﬁed in analogy to
LHCII as a602, a603, a610 and a612 are proposed to bind four Chl-a's,
whereas the b605 and a611 sites likely bind peripheral Chl-a's, either
one or both of which are lost in FCPatrim. One of either the a613 or
a614 sites most likely binds a Chl-c2, and the other a Chl-a, with the
second Chl-c2 being bound by b609 or a604, leaving the other one to
bind a Chl-a (Table 4).Table 4
Pigment locations in FCPatrim and FCPbolig.
aFCP aLHCII bCar (λmax)
Chl (Relative λmax)
Fxblue-2 Lut 620 453 nm
Fxblue-1 Lut 621 463 nm
Ddx Xanth 488–492 nm
Fxgreen-2 Xanth/Neo 488–492 nm
Fxgreen-1 Xanth/Neo 492 nm
Fxred-2 Neo/Xanth 505 nm
Fxred-1 Neo/Xanth 510 nm
Chl-c2(A) a613 or a614 Blue
Chl-c2(B) b609 or a604 Red
Chl-a I a613 or a614 Blue
b609 Red
Chl-a II a612, a610, a603 Red
Chl-a III a602 Red
a604 Blue
a The six Fx's [29], two Chl-c2's (Table 1) and six Chl-a's (Table 2) identiﬁed from the
RR spectra are listed with the cognate pigments of LHCII bound close to, or at, the sites
occupied by the FCP pigments. The comparison to LHCII and the corresponding
α-helices to which the Chls are bound, is based on the crystal structure in Ref. [10]. The
more tentative assignments for the binding sites of the identiﬁed Chls are listed in
italics.
b The absorption maxima of Fx blue-1, Fxgreen-1 and Fxred-1 and Fxred-2 were assigned
from the Stark spectrum [55], and that of Fxblue-2 and Fxgreen-1 are assigned from RR
signals [29] and CD spectra.This leaves a clear “hole” in the vicinity of helix 2 otherwise
occupied by Chl-bs in LHCII, and likely accommodates the Fx's in FCP.
The locations of all the identiﬁed Fx's in the FCPs are described in
detail Ref [29], and are brieﬂy summarised as follows: the Fxblue’s are
bound similar to the Luts in LHCII, the Fxred's are situated near helix 2,
one Fxgreen occupies a mixed binding site with the xanthophyll-cycle
Ddx in FCPbolig, similar to violaxanthin in LHCII, and the other Fxgreen
occupies the space of Chl-b601. The loss of Fx's on separation of the
FCPs (Table 3), suggests that an additional 2–3 Fx's could be weakly
bound at the periphery of the complex. Notably, our earlier suggestion
that an Fxred could be oriented similar to neoxanthin in LHCII is
consistent with recent LD measurements on diatom thylakoids [44].
4.3. Structure and environment of the Chls identiﬁed in FCP from RR
The methine-bridging modes of the two Chl-c2's, A and B, bound at
the a613 or a614, and at b609 or a604, sites (Table 4), indicate that they
are both 5-coordinated albeit a little puckered (domed). However, they
differ in their core size and extent of puckering with the higher
frequency,more intense, ring-breathingmode of Chl-c2(A) pointing to a
lower electron density in the eg (π*) orbital and a smaller core size [28]
than Chl-c2(B). The lower intensity of the latter (∼half the height of Chl-
c2(A)) also indicates that its phorbin ring may be more puckered than
Chl-c2(A) [24], which is consistent with the proposition that puckering
resulting from peripheral substituents red-shifts a porphyrin [45]. Red-
shifts also occur in more strongly solvating environments which is also
suggested by the lower-frequency of the ring-breathingmode of Chl-c2
(B) and the stronger external hydrogen bond of its C131 keto group
relative to that of Chl-c2(A) (Table 1).
Of the four possible sites likely to bind Chl-c2(B) in FCP, Chl-b609
has the lowest energy in LHCII relative to the ones at a604 and a613/
a614 [46]. In addition, the keto carbonyl of Chl-b609 is hydrogen
bonded to the His68 residue, and this H-bond could be retained in FCP,
as the His68 residue is conserved in FCP. This leaves Chl-c2(A) to be
bound at either a613 or a614, and we propose that it is bound at a614
rather than the lower energy a613 (Table 4).
The eight presumed Chl-a's bound per FCP monomer, can be
broadly separated into sets of (Soret) blue- and red-absorbing species
based on those RR bands more strongly enhanced at 406.7 nm, versus
those enhanced at 413.1 and 441.6 nm, respectively. The red Chl-a's in
FCP likely have the puckered (domed) macrocycles that give rise to
the methine-bridging mode at 1610 cm−1, whereas the blue Chl-a's
likely give rise to the methine-bridging mode at 1615 cm−1,
consistent with its preferential enhancement at 406.7 nm (Table 3).
The higher frequency band points to a (more) planar ring structure
that is expected to blue shift the absorption [45]. Such red and blue
Chls underpin the sequence of ET into and out of the LHCs, and have
been identiﬁed in LHCII from both mutational studies [47–49], as well
as calculations of interaction energies [10,34,46,50,51]. We note that
assigning these (red and blue) Chls to speciﬁc binding sites,
particularly with site energies that differ by bkT (∼200 cm−1) can
be hazardous as evident in, e.g., Chl-a610 being identiﬁed as the red-
most absorber [46] or not [10,34,46,50,51], and theoretical models
giving alternate identities for certain Chl-a's and Chl-b's prior to the
high-resolution crystal structure [10].
Further differentiation of the red- and blue-absorbing Chl-a's can
be carried out on the basis of the preferential enhancement of the keto
carbonyl of the three sets of Chl-a's (Table 4). The keto carbonyl of the
blue Chl-a's should be more strongly enhanced at 406.7 nm, but the
assignments get more complicated at lower excitation energy. At
406.7 nm, there appears to be resonant enhancement of two each of
Chl-a IIIs and IIs, whereas at 413.1 nm all three, I, II and III, gain
intensity. At 441.6 nm, bands I and II retain or gain intensity but are
partly composed of resonantly enhanced Chl-c2 keto carbonyls. (Note
that the keto carbonyl is enhanced by excitation of the By transition,
which is at higher energy relative to Bx.) Also, if the keto-carbonyl
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a604 and –a602, with the strongest hydrogen bonds, could give rise to
the Chl-a III bands; Chl-a610 (and possibly a603) to Chl-a II; and the
Chl at the b609 site more likely represents the red Chl-c2(B) than a red
Chl-a I.
RR studies of LHCII and the minor antenna complex Lhcb4 [42]
identify Chl-a602 and -a603 as giving rise to the 1660 cm−1 band,
which would correspond to the Chl-a III band in the FCPs [52].
However, on the basis of hydrogen-bond lengths (see above), a602
should be a Chl-a III whereas Chl-a603 is more likely a Chl-a II, or
perhaps a Chl-a I under the fortuitous coincidence that the water
molecule bonded to Chl-a603 in LHCII is also present in FCP. In
addition, Chl-a612 in LHCII, identiﬁed as the red-most emitter in other
studies [53], was suggested to give rise to a RR band in the 1670–
1680 cm−1 region [42]. A similar assignment in FCP would be
consistent with the retention in intensity of Chl-a II at 413.1 and at
441.6 nm. In LHCII there is no hydrogen bond partner for Chl-a612, if
this holds true for FCPs aswell, then its keto carbonylmust be in a very
polar/polarizable environment.
It is important to note that two Chl-c2's and the three different Chl-
a keto carbonyls were also identiﬁed from the RR spectra of the LHC
from the brown alga L. Saccharina [22], moreover with similar relative
band intensities as in FCPatrim. In contrast, the RR signature of FCPbolig
is notably different, underscoring the speciﬁcity of the oligomer,
which has been linked to an associationwith PSI [44,54]. Interestingly,
the breadth of the Chl-a I/II carbonyl band of FCPbolig is noticeably
greater than that of FCPatrim at 441.6 (and 413.1 nm), suggesting that
one of these red Chl-a's could be the one that is retained in FCPbolig,
and could be bound on the stromal side at a611, as in LHCII.
5. Conclusions
The RR spectra of Chl-c2 in the FCPs has led to the identiﬁcation
of two distinct 5-coordinated species that are found in well-deﬁned
sites somewhat different in FCPatrim versus FCPbolig, but even more
strongly solvated than in acetone. The Chl-a's are distinguished into
three groups based on the hydrogen bonding strength of their keto
carbonyl group, of which there are at least two each with medium
and strong hydrogen bonds. Importantly, the presence of two Chl-
c2's and more than four Chl-a's, along with the previous identiﬁ-
cation of ﬁve to six Fx's, strongly support the case for the binding of
8Chl-a, 8Fx and 2Chl-c2 per monomer. Sequence analysis strongly
supports this claim by identifying six Chl-a (a602, a603, a610, a612,
a613 and a614), and one Chl-b (b609) binding sites of LHCII in both
FCPs. On the basis of these identiﬁed sites, and taking into account
the requisite presence/absence of inter-pigment interactions, the
Chl-c2's are proposed to be bound at a614 and at b609. The Chl-a's
are identiﬁed as red and blue absorbing based on the excitation-
wavelength dependent sensitivity of their methine-bridging and
keto carbonyl bands, with the red ones likely bound at the a612,
and a603 sites and the blue ones at a604, and a614. Notably the
FCPatrim RR spectra resemble that of other Fx-containing LHCs,
distinct from that of FCPbolig, indicating that the environmental
interactions and the structures of the pigments therein are quite
different in the oligomer.
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